To control the quality of RNA biogenesis in the nucleus, cells use sophisticated molecular machines. These machines recognize and degrade not only RNA trimmings-the leftovers of RNA processing-but also incorrectly processed RNAs that contain defects. By using this mechanism, cells ensure that only high-quality RNAs are engaged in protein synthesis and other cellular processes. The exosome-a complex of several exoribonucleolytic and RNAbinding proteins-is the central 3'-end RNA degradation and processing factor in this surveillance apparatus. The exosome operates with auxiliary factors that stimulate its activity and recruit its RNA substrates in the crowded cellular environment. In this review, we discuss recent structural and functional data related to the nuclear quality-control apparatus, including the long-awaited structure of the human exosome and its activity.
Introduction
Cellular RNAs are diverse in length and shape, and their functions range from simple messengers to regulators and enzymes involved in gene expression. In eukaryotes, RNAs are produced by one of three RNA polymerases (Pol I-III), which are subsequently processed to their mature form and their trimmings recycled. This concerted RNA biogenesis, which is mediated by many RNA-binding proteins, ribonucleases and other enzymes, is overseen by RNA quality-control mechanisms that ensure only correctly processed RNAs are exported to the cytoplasm, where another set of cellular factors modulate the rate of RNA degradation (Garneau et al, 2007) .
The exosome is the main RNA degrader in the nucleus. It was initially identified as a component in the processing and maturation of ribosomal RNA precursors but it is in fact involved in the processing and degradation of most nuclear RNAs (reviewed by . The exosome localizes to important sites of RNA biogenesis, such as actively transcribed genes (Andrulis et al, 2002; Hieronymus et al, 2004) or the nucleolus (Dez et al, 2006) , and is engaged in RNA surveillance (Dez et al, 2006; Torchet et al, 2002) possibly through its interactions with other RNA-binding proteins. Although the role of the exosome was described more than 10 years ago, it is only recently that structural and functional studies have provided information on the biochemistry and the molecular organization of this large complex. Furthermore, an additional RNA quality-control pathway involving the exosome and a newly described complex, known as the Trf4 or Trf4-Air2-Mtr4 polyadenylation (TRAMP) complex (Kadaba et al, 2006; LaCava et al, 2005; Vanacova et al, 2005; Wyers et al, 2005) , has been discovered. Here, we highlight the recent data on the structural and biochemical differences between the human and yeast exosomes, and summarize the current knowledge of the pathways that control the quality of RNA in the eukaryotic nucleus. Although the new studies have provided a tremendous amount of data in the field of nuclear RNA surveillance, there are still a few contradictory issues, which is typical of any young discipline.
Function of the exosome in the nucleus
The exosome is required for the processing and degradation of pre-ribosomal RNAs, pre-small nuclear/small nucleolar RNAs and pre-transfer RNAs (Allmang et al, 1999; Hilleren et al, 2001; Kadaba et al, 2004; Kuai et al, 2004; Mitchell et al, 1997; Torchet et al, 2002; van Hoof et al, 2000) and is also involved in nuclear degradation of aberrant pre-messenger RNAs that result from mutations in various 3'-end processing, splicing and export factors (Bousquet-Antonelli et al, 2000; Das et al, 2003; Libri et al, 2002; Torchet et al, 2002) . It also degrades messenger RNAs with mutations in their coding sequence in a process known as degradation of RNA in the nucleus (Das et al, 2006) . Exosomemediated RNA surveillance is linked directly to and might regulate other processes in the cell. Surveillance of different types of RNAs occurs at distinct nuclear, nucleolar or subnucleolar regions (reviewed by Fasken & Corbett, 2005; Jensen et al, 2003) . In yeast, the exosome components interact with transcription elongation factors and are recruited directly to transcriptionally induced genes (Hieronymus et al, 2004; Hilleren et al, 2001; Vasiljeva & Buratowski, 2006) . In this way, the exosome co-transcriptionally monitors the messenger ribonucleoprotein state of nascent trans cripts and retains messenger RNAs that are aberrant or otherwise export-incompetent (Fasken & Corbett, 2005; Hilleren et al, 2001; Thomsen et al, 2003) . In yeast mutants that have defective exosome subunits, such RNAs are released from trans cription sites and can either be exported to the cytoplasm reviews RNA quality control S. Vanacova & R. Stefl or are sequestered to specific subnucleolar foci to be degraded (Carneiro et al, 2007; Dez et al, 2006; Hilleren et al, 2001) .
The use of mutants defective in RNA degradation in combination with microarray analysis led to the identification of cryptic unstable transcripts with no obvious or, as yet, identified function (Davis & Ares, 2006; Wyers et al, 2005) . Notably, the use of tiling microarrays has recently uncovered transcription from many previously unannotated regions of the yeast and the mammalian genomes (David et al, 2006; Davis & Ares, 2006; Wyers et al, 2005) . All these apparently cryptic transcripts are transcribed by the Pol II machinery, although it is unknown why only some of them are highly prone to degradation. It was proposed that the efficient degradation of cryptic unstable transcripts limits the genomic noise resulting from the trans cription of inappropriate promoter-like regions (Wyers et al, 2005) . However, some of the RNAs might be functional or, alternatively, the regulation of their transcription and stability might affect the rate of transcription of the surrounding genes through a transcription-interference mechanism (Davis & Ares, 2006) . (Buttner et al, 2005; ; (B) the archaeal exosome with the 'cap' formed by Rrp4 (Buttner et al, 2005; ; and (C) the eukaryotic exosome Liu et al, 2006) . Top views (top row), side views (middle row) and bottom views (bottom row). (C) A model of an RNA substrate highlights a putative path of RNA into the exosome through the cleft that is specific to the human exosome Liu et al, 2006) . In the bottom row, a slice view on the electrostatic surface potentials (blue, positive; red, negative) shows the RNA-binding pockets in the vicinity of the catalytic sites as indicated by the yellow circles. Graphics were prepared with PyMOL (http://pymol.sourceforge.net). Csl, cep1 synthetic lethality; Rrp, ribosomal RNA processing factor. reviews RNA quality control S. Vanacova & R. Stefl 
Molecular architecture of exosomes
The exosome is conserved from yeast to humans, and is also found in several archaea. In addition, the core of the exosome has a structural homologue in bacteria-the polynucleotide phosphorylase-which is part of the degradosome (Symmons et al, 2000) . The overall molecular architecture of the exosome has evolved from an ancient ring-like fold of the bacterial phosphorolytic exoribo nuclease RNase PH, which is a hexameric ring of three homodimers (Choi et al, 2004) .
In archaea, the exosome core forms a hexameric ring structure with a central hole involving two types of RNase PH-like sub unit, ribosomal RNA processing factor (Rrp)41 and Rrp42 (Buttner et al, 2005; . The ring is assembled such that the two subunits interact to form a trimer of Rrp41-Rrp42 heterodimers (Fig 1) . The three Rrp41 exosome subunits have phosphorolytic activity, whereas the three Rrp42 subunits are inactive. The catalytic sites are located inside the chamber of the ring-like exosome core structure (Fig 1) . The Rrp42 non-catalytic subunits have a structural role as they provide a platform for the ring formation and assist in the binding of RNA substrates . In addition, they are involved in binding to Rrp4 or cep1 synthetic lethality (Csl)4, which are RNA-binding proteins with amino-terminal, K-homology and S1 domains (Rrp4) or zinc-ribbon domains (Csl4; Table 1 ; Buttner et al, 2005) , and to other protein factors (Walter et al, 2006) . Three copies of Rrp4 and/or Csl4 associate on top of the exosome core structure and form an extension of the exosomal entry tunnel (Fig 1) . Recent structural studies rationalized that such an architectural arrangement allows the regulation of RNA entry into the processing chamber . Conti and colleagues also revealed how the exosome core binds to RNA in the vicinity of the catalytic site . The RNA substrates are recognized by a network of base-non-specific and ribose-specific interactions between the sugar-phosphate backbone and the predominantly arginine side-chains of the Rrp41-Rrp42 interface, which forms an electropositive binding pocket (Fig 1) .
In contrast to archaea, the eukaroytic exosome uses six different subunits to form the ring structure. However, these subunits can be classified as Rrp41-like-Rrp41, Rrp46, and Mtr3-and Rrp42like-Rrp45 (polymyositis/scleroderma (PM/Scl)-75 human), Rrp43 (opa-interacting protein (OIP)2 human), and Rrp42-based on their similarities to their archaeal counterparts. Interestingly, the eukaryotic six-member ring does not assemble into a stable structure in the absence of Rrp4, Rrp40 and Csl4 (Liu et al, 2006) , indicating that the eukaryotic exosome core is composed of nine subunits. The human exosome is asymmetrical and shows a more complex architecture compared with its archaeal counterpart (Fig 1) . Each Rrp41like-Rrp42-like heterodimer binds only the correct heterodimer partner and does not form trimers of the same heterodimers. It is highly likely that the eukaryotic exosome has evolved to include different sub units that are necessary to bind various auxiliary factors involved in RNA degradation and processing. The human exosome core has only one catalytic site in the Rrp41-Rrp45 heterodimer (Liu et al, 2006) , a characteristic that was previously suspected . The human Rrp41-Rrp45 heterodimer in isolation also has RNA-degradation activity that results in a degradation pattern identical to the pattern of the complete exosome. This could be a result of the asymmetrical arrangement in which the RNA entry tunnel of the human exosome is significantly widened by a large cleft between Rrp4 and Rrp40 subunits. This cleft is located exactly over the Rrp41-Rrp45 heterodimer and could act as an entry site for the RNA (Fig 1) . In this scenario, the Rrp41-Rrp45 heterodimer would use its surface within the cleft to bind to RNA. This would explain the virtually identical RNA degradation patterns of the Rrp41-Rrp45 heterodimer and the human exosome. Consistently, the RNase PH domain of human Rrp45 in isolation binds to U-rich and AU-rich sequences . To understand how RNA is threaded into the human exosome, the structure of the exosome in complex with RNA will need to be solved.
Interestingly, the structural studies by Conti, Sattler and colleagues show that the N-terminal region of Saccharomyces cerevisiae Rrp40 is unstructured in its free form, whereas the S1 and K-homology domains are essentially identical to human RRP40 in the exosome core structure (Oddone et al, 2007) . This indicates that the exosome core formation includes an induced-fit mechanism in which certain domains undergo a conformational change on finding the 'correct' binding partner. These authors also show that the weak RNA-binding affinity of individual subunits becomes significantly attenuated in the context of the assembled exosome.
In eukaryotes, the nuclear exosome associates with the auxiliary factor Rrp6, which participates in both RNA processing and quality control. The structure of S. cerevisiae Rrp6 has a conserved RNase D core with a flanking helicase and RNase D carboxy-terminal domain, and an N-terminal domain that is proposed to mediate the interaction with the exosome core (Midtgaard et al, 2006) .
Clearly, further structures of the eukaryotic exosome core that bind to additional protein factors-particularly the TRAMP complex-and to RNA substrates need to be solved to decipher how this quality-control machinery operates. reviews RNA quality control S. Vanacova & R. Stefl 
Degradation mechanism of exosomes
The exosome core associates with additional protein factors in a compartment-and organism-specific manner. In yeast, the exosome core has an additional stable subunit, the hydrolytic exo nuclease Rrp44 (also known as Dis3; Mitchell et al, 1997) , and in the nucleus it binds to two more subunits: the hydrolytic ribonuclease Rrp6, and Rrp47 (Mitchell et al, 2003) . By contrast, in humans, Rrp44 was not detected in the affinity-purified exosomes and the Rrp6 homologue (PM/Scl-100) was also found in the cytoplasmic fractions (Chen et al, 2001) .
The reasons for the differences in the composition of the human and yeast exosomes have become apparent from recent studies (Fig 2) . It was shown that the human core exosome has one catalytically active site, within the Rrp41-Rrp45 dimer Liu et al, 2006) , whereas the yeast nine-subunit core has no catalytically active site Liu et al, 2006) . Instead, the hydrolytic nuclease Rrp44 is the crucial enzyme for RNA degradation in yeast Liu et al, 2006) . Therefore, eukaryotic exosomes have human-like and yeast-like subtypes with phosphorolytic and hydrolytic activities, respectively. The former subtype degrades RNA inside the exosome chamber, whereas the latter subtype uses the hydrolytic enzyme that is most likely anchored on the surface of the exosome core assembly (Hernandez et al, 2006) . It is not known why yeast switched to the hydrolytic mode of RNA degradation; however, it is still possible that under specific conditions and/or on specific RNA substrates the yeast Rrp41 also becomes active. This is a question that needs to be investigated in the future. Similarly, the contribution of the human homologues of the hydrolytic nucleases, RRP6 and RRP44, to the exosome activities in vivo must be assessed further.
The recombinant yeast Rrp44 is highly processive, even on structured RNAs; however, its activity is significantly reduced on binding to the exosome core (Liu et al, 2006) . This is perhaps to prevent high activity levels that could interfere with the stability of many functional RNAs in the cell. At present, it is not clear whether Rrp44 undergoes a conformational change or whether the active site is partly masked on binding to the exosome core. The observation that Rrp44 is responsible for yeast exosome activity suggests that the substrate RNA might not pass through the central channel of the ring-like structure. Further structural and functional analyses are required to determine the exact path of the RNA substrate.
Rrp6, the second nucleus-specific hydrolytic exonuclease in yeast, has distributive exonucleolytic activity on unstructured and poly(A)-extended RNAs, and displays only weak activity on structured substrates (Liu et al, 2006) . Its activity is not affected on assembly with the exosome core and Rrp44. Although Rrp6 is a non-essential gene, its deletion results in many RNA-processing defects (Allmang et al, 1999; Davis & Ares, 2006; Egecioglu et al, 2006; Kadaba et al, 2004; Kuai et al, 2004; Liu et al, 2006; van Hoof et al, 2000; Wyers et al, 2005) . This suggests that although partly overlapping in function, Rrp44 and Rrp6 have different substrate specificities in vivo. The function of human RRP6 has not been analysed in detail and the extent to which it is specific for nuclear RNA metabolism is unclear.
Other players in nuclear RNA surveillance
Although the reconstituted exosomes efficiently degrade RNAs in vitro Liu et al, 2006) , in vivo RNAs often form complex secondary and tertiary conformations, acquire nucleo tide modifications and/or assemble into specific ribonucleoprotein particles (RNPs) that need to be protected from nucleases. Accessory factors are then required to help the exosome recognize aberrant RNAs or RNPs that need to be discarded or further processed (reviewed by Olesen et al, 2005) . Two accessory protein complexes were shown to stimulate the exosome in the yeast nucleus. First is the polyadenylation complex called TRAMP4 and/or TRAMP5 depending on whether it contains the poly(A) polymerase Trf4 or Trf5 Kadaba et al, 2004 Kadaba et al, , 2006 Liu et al, 2006; Lorentzen et al, 2007) . Yellow stars indicate catalytically active sites. The predicted positions of the yeast hydrolytic exonucleases Rrp44 and Rrp6 are indicated. Rrp, ribosomal RNA processing factor. reviews RNA quality control S. Vanacova & R. Stefl adds short poly(A) tails to aberrant or unstable transcripts, forming a favourable substrate for the exosome (Fig 3) . The identity of the exonuclease within the yeast nuclear exosome that degrades these polyadenylated targets is still unknown. Rrp6 shows higher activity on unstructured poly(A)-extended molecules and Rrp44 can degrade more structured RNAs (Liu et al, 2006) ; therefore, it is possible that Rrp6 initiates digestion and, by inducing some conformational changes, it hands the RNA over to Rrp44. The helicase Mtr4 might help to unwind the structured portions of the RNAs when Rrp44 is in its less active conformation. Mtr4 might also act as a scaffolding protein because it interacts with both the TRAMP and the exosome complexes (de la Cruz et al, 1998; LaCava et al, 2005; Vanacova et al, 2005; Wyers et al, 2005) . It is not known how TRAMP recognizes aberrant RNAs. One possibility is that it monitors the conformation status of RNAs. For example, it can specifically polyadenylate and target transfer RNAs that are incorrectly folded for degradation (Kadaba et al, 2004; Vanacova et al, 2005) . Further structural and functional studies are required to understand fully the mechanism of substrate recognition.
Both the exosome and the TRAMP4 complexes interact with an additional RNA-binding complex called the nuclear pre-mRNA down-regulation (Nrd)1 complex (Vasiljeva & Buratowski, 2006) , which consists of the RNA helicase Sen1, and the proteins Nrd1 and nuclear polyadenylated RNA-binding (Nab)3 that recognize specific sequence motifs on RNAs (Carroll et al, 2004; Steinmetz & Brow, 1998) . This complex is required for transcription termination of small nuclear RNA and small nucleolar RNA genes (Conrad et al, 2000; Steinmetz & Brow, 1996 Steinmetz et al, 2001) .
In vitro, it can directly stimulate exosome degradation of substrates with Nrd1-and Nab3-binding motifs (Vasiljeva & Buratowski, 2006) . In vivo, it probably helps to bring the exosome to specific RNA substrates. However, it is not clear whether the Nrd1 complex acts by itself or whether it requires the association with TRAMP4 to stimulate the exosome (Vasiljeva & Buratowski, 2006) .
Concluding remarks and open questions
The recent structural information on the human exosome core supports the existence of a common basis for RNA-degradation machineries in prokaryotes, eukaryotes and archaea. It is also striking how the RNA-degradation pathway mediated by the exosome resembles the features of protein degradation by proteasomes, a concept first envisioned by van Hoof & Parker (1999) . Despite the increasing amount of data on exosomes, there are still many questions to be answered. How does the quality-control machinery distinguish its RNA substrates from other RNA molecules? What allows the exosome to switch from the degradation mode to the processing mode? How exactly is the exosome stimulated by the TRAMP and Nrd1 complexes, and what other protein factors are required for its proper function in vivo? Many homologues of Trf4-like proteins exist in higher eukaryotes; therefore, it will be interesting to see whether similar poly(A)-mediated degradation pathways operate in the nuclei of metazoa. To conclude, there is no doubt that in the near future we will witness considerable efforts to unravel the details of the RNA surveillance apparatusa universal machinery with the fundamental quest to seek and destroy damaged molecules. (B) Mtr4 helicase of the TRAMP complex unwinds the structured parts of RNAs. The TRAMP complex associates with the Nrd1 complex that binds to short sequence elements on a subset of nuclear RNAs (Vasiljeva & Buratowski, 2006) . The interaction between the specific RNA recognition mediated by the Nrd1 complex and the polyadenylation activity mediated by the TRAMP complex acts as the initiation step for RNA degradation by the exosome. (C)The Nrd1 complex can stimulate exosome activity on RNAs with the Nrd1 complex-specific binding sites (Vasiljeva & Buratowski, 2006) . This often leads to partial digestion of the RNA (trimming), but can also cause RNA degradation. (D) The exosome destroys the leftovers of RNA processing, such as the products of endonucleolytic cleavage, apparently by itself. Air, arginine methyltransferase-interacting RING finger protein; Mtr, mRNA transport; Nrd, nuclear pre-mRNA down-regulation; Trf, topoisomerase one-related function.
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